Many populations of the buprestid leaf-mining beetle, Brachys tessellatus, from central South Carolina, USA, show highly skewed sex ratios, ranging from 1.3 to 6.0 females per male. We have identi®ed a Rickettsia bacterium that is associated with sex ratio distortion (SRD) and selective killing of male embryos in B. tessellatus. Molecular assays of infection by this bacterium are highly associated with SRD within families, and treatment with an antibiotic (tetracycline) increases the number of male eggs that hatch and develop. The 16S rDNA sequence indicates that this is a novel Rickettsia, most closely related to Rickettsia bellii (a tick-associated bacterium) and a pea-aphid Rickettsia. It is also related to a Rickettsial bacterium that causes male-killing in an unrelated ladybird beetle species. Low levels of parthenogenesis are also observed in this system (about 10% of females) and may be the result of selection due to male rarity, or a direct result of infection by the Rickettsia.
Introduction
Inherited microorganisms are associated with a variety of reproductive alterations in their hosts, including cytoplasmic incompatibility, thelytokous parthenogenesis, feminization of genetic males, and male-killing (reviewed in Werren & O'Neill, 1997) . These alterations are generally adaptive for the microorganisms because they are typically inherited maternally through the egg cytoplasm, but are not transmitted via sperm. As a result, inherited microbes often have an asymmetrical inheritance pattern with high maternal (female) inheritance and low or absent paternal (male) inheritance. Selection therefore favours such microorganisms to bias sex ratio or sex determination towards females, the transmitting sex (Werren & O'Neill, 1997) .
Male-killing microorganisms are widespread in nature (see Hurst et al., 1997 for a review), and involve a wide range of microbial taxa and eukaryotic hosts. Examples include gamma proteobacteria such as Arsenophonus nasoniae, the male-killing bacterium of Nasonia (Gherna et al., 1991) , alpha proteobacteria such as Rickettsia in ladybeetles (Werren et al., 1995b) and Wolbachia in Acraea butter¯ies (Hurst et al., 1999) ,¯avobacteria in beetles (Hurst et al., 1997) , spiroplasms in Drosophila (Williamson et al., 1999) and microsporidia (protozoa) in mosquitoes (Hurst, 1991) and amphipods (Dunn & Hatcher, 1997) . The pattern suggests that male-killing by resident inherited microbes can readily evolve whenever the ecological circumstances are appropriate. Male-killing can be selectively favoured under two general circumstances: (a) when lethality of males increases the ®tness of infected females in the family or (b) when male-killing provides an inoculum of microbes for horizontal (infectious) transmission. Although there is some evidence that male-killing may provide an inoculum for horizontal transmission in some systems (Hurst, 1991) , a ®tness advantage to infected female siblings is believed to be the primary advantage for male-killing (Werren, 1987; Hurst et al., 1997) . Possible advantages include reduced inbreeding, reduced sibling competition for resources and additional food provided by egg cannibalism. It should be noted though, that these are advantages to the male-killing microbes but not to the host, which suers a major ®tness decrement from malekilling. Speci®cally, for male-killing to be advantageous for a heritable microbe, the advantage of killing males must only slightly increase the ®tness of infected female siblings; whereas for a male-killing nuclear gene to be selectively favoured, the ®tness of female siblings must increase at least two-fold (Werren, 1987) .
The biology of several species with male-killing microbes is consistent with these ideas. For example, egg cannibalism occurs in the ladybird beetle Adalia bipunctata and has been shown to increase survival of newly hatched larvae. This species has several malekilling microbes (Hurst & Jiggins, 2000) . Similarly, sibling larval competition is expected within the hosts of Nasonia parasitoid wasps, another species with male-killing microorganisms. However, the selective advantage of male-killing has not been de®nitively demonstrated in any system (e.g. see Balas et al., 1996) .
Here we describe the discovery of a new Rickettsia associated with male-killing in the buprestid leafmining beetle Brachys tessellatus (F.). B. tessellatus is a univoltine leaf-mining beetle found in the southeastern United States, primarily within the sandhills ecosystem of South Carolina, North Carolina, and Georgia (Turnbow & Franklin, 1981) . The adult portion of its life cycle is spent feeding and ovipositing on several species of oak. Larvae mine (i.e. eat) the inner mesophyll of oak leaves. This system has several interesting features that make it suitable for ®eld studies of the evolution and consequences of malekilling bacteria, including highly skewed sex ratios in nature (1.3:1 to 6:1 females to males; see Fig. 1 ), indicating achievement of appreciable frequencies of the sex ratio distorter, and parthenogenetic reproduction at low levels (up to 10%), a possible selective consequence of scarcity of males. In this paper we present the results of ®eld surveys of sex ratio variation among populations, an experimental antibiotic treatment to test for microbial eects on sex ratio distortion (SRD), and molecular analysis to identify the speci®c microbe associated with male-killing and SRD in this system. In addition, tests were conducted to determine the incidence of facultative parthenogenesis in B. tessellatus.
Materials and methods

Basic ®eld studies
Preliminary ®eld studies were initiated in 1996 to assess sex ratio variation in B. tessellatus and a closely related congener, B. ovatus. Beetle larvae were collected from a total of 18 sites within a 20-km radius of Columbia, SC, during October and November. Between 26 and 2897 larvae were collected from each site for B. tessellatus (total for all sites 7093). These larvae were brought to the laboratory and incubated at 8°C for 2±3 months, followed by gradual warming to 28°C (1°C steps per 2±3 days) at which time all living larvae had completed pupation and ®nal ecdysis. Following the completion of development all beetles were sexed by visual inspection of their abdomens. This method provides for unambiguous gender identi®cation (Turnbow & Franklin, 1981; Waddell & Mousseau, 1996) . 
Tests for parthenogenesis
During the spring of 1997 an experiment was designed to test for the ability of virgin females to produce viable (presumably parthenogenetic) eggs. Wild-caught larvae were collected from the ®eld during the fall of 1996 at Sesquicentennial State Park in Columbia, SC. Following extraction from leaves, these larvae were maintained singly in cotton-stoppered 12´50 mm glass tubes to assure virginity of emerging adults. Following ®nal ecdysis in May 1997, the individual virgin females were enclosed in Agryl Agrocloth polypropylene mesh bags (25´30 cm) and placed on clusters of 5±8 leaves of Quercus laevis (turkey oak), their preferred host plant (Turnbow & Franklin, 1981; Waddell & Mousseau, 1996) . These bags allowed air¯ow and photosynthesis to occur, but eectively excluded wild beetles from entering or experimental beetles from escaping. Virgin female beetles were left on leaves for approximately 2±3 weeks at which time most females had laid some unfertilized eggs. Following the production of these ®rst eggs, females were rotated at two or three day intervals to new leaf clusters. Prior to use, all leaves were scrutinized for the presence of wild eggs which if found, were removed from the leaf. One reason this site was chosen was for its relatively low numbers of wild beetles so as to reduce the chances of wild (fertilized) eggs that could interfere with the experiment. Unfertilized eggs were protected from predation within Agryl bags, which also served to keep wild females from laying eggs on the leaves. Two to four weeks following egg lay, leaves were inspected for the presence of larval initiates (i.e. newly hatched larvae). Larval initiates were easily identi®ed by a characteristic brown area surrounding the hatched egg on the leaf, and this assay was veri®ed by microscopic examination of larvae within mines. Eggs showing signs of development were scored as parthenogens. The expression of parthenogenesis was assessed as both the percentage of total eggs laid per female, and the frequency of virgin females showing viable unfertilized eggs.
Antibiotic treatment experiments
During the summer of 1997, an experiment was initiated to determine whether antibiotic (tetracycline) treatment aected the level of mortality and sex ratio among ospring of mated pairs. Following the tests for parthenogenesis (above), these same females were divided into two groups (treatment and control), paired with virgin males, enclosed in Agryl mesh bags, and tied onto clusters of 5±8 turkey oak leaves. Following an initial nuptial period of 5±7 days, mating pairs were rotated to new leaf clusters on a 2-day rotation schedule. Eggs produced during the nuptial period were not included in subsequent analyses. Upon removal of the pair from a leaf cluster, cluster identi®cation labels were applied to the leaves and the number of eggs laid were counted and their location marked with permanent-ink pens. Leaf clusters containing eggs were covered with an Agryl mesh bag to protect the eggs from predation and to allow for collection of the experimental larvae when the leaves abscised from the trees in fall of 1998. Egg viability was assessed approximately two weeks after oviposition. Larvae were counted and the protective bags replaced on the leaf cluster. The treatment group was comprised of approximately 100 wild-caught B. tessellatus females that were also subjected to the test for parthenogenesis, then paired with virgin males, and tied onto leaf clusters of Q. laevis. These pairs were maintained under the same procedure as the control group, except that they were fed tetracycline prior to and during oviposition. Tetracycline is a broad spectrum antibiotic known to purge insects of several dierent endosymbionts (Gomi et al., 1997; Hoerauf et al., 2000) . Tetracycline was applied on the leaf clusters at a concentration of 2500 mg/L water. The tetracycline solution was sprayed on the leaves and allowed to dry before mating pairs were tied onto the clusters in the cotton mesh bags. Mating pairs were allowed to eat and oviposit on the leaves on a 2-day rotation schedule as described for the control group. Eggs were counted, marked and viability assessed as with the control group.
A second control was conducted using the congeneric beetle species, B. ovatus, which past surveys suggested did not show sex ratio distortion. This species has a very similar life history except that it is about 50% smaller by weight and prefers to oviposit and feed on a closely related host, the willow oak, Quercus incana. Populations of B. ovatus that were studied in 1996 and prior years maintained a consistent sex ratio of approximately 1:1. This made B. ovatus an appropriate control group organism to compare with the treated and untreated B. tessellatus groups. Approximately 25 pairs of B. ovatus were rotated along with the untreated group of B.tessellatus and assayed in an identical fashion to the other control pairs.
We collected the ospring from all females in November of 1997 and over-wintered them in the laboratory on a temperature schedule of 8°C for 3 months, followed by a gradual warming to 28°C in 1°C increments every 2±3 days. Adult ospring emerged in the laboratory in May of 1998 and were sexed and weighed, and survivorship to adulthood was assessed across the treatment groups.
Molecular identi®cation of associated bacterium
Samples of preserved (95% ethanol) B. tessellatus adults from populations showing highly distorted and less distorted sex ratios were initially screened for presence of Wolbachia bacteria using 16S rDNA Wolbachiaspeci®c primers (Werren & Windsor, 2000) . However, Wolbachia were not detected. Eorts were then initiated to determine whether the beetles harboured other symbiotic bacteria, following modi®cations of previously published procedures (Werren et al., 1994) . DNA was extracted from dissected ovaries of individual beetles using the QIAamp tissue kit. Special care was taken to avoid contamination with bacterial DNA during extraction procedures (see Werren et al., 1995a) . General prokaryotic 16S rDNA primers (fD1 and rP2, Weisburg et al., 1991) were then used to amplify the bacterial gene from samples. An intense band of expected size was ampli®ed from some samples. Under the assumption that the ampli®ed band represented a nearly pure sample from a single bacterial species, direct sequencing of the band was performed. If the DNA was from a heterologous population of dierent bacteria, then direct sequencing would fail to produce a reliably scored sequence.
The QIAquick PCR puri®cation kit was used to repurify DNA from the PCR reaction, and then direct sequencing was performed using an ABI Prism 377 automated sequencer. Sequences were obtained from products of two dierent beetles; these proved to be identical except for minor sequencing artifacts that were resolved by examination of the sequencing reaction pro®les. Reliable sequence was obtained for 735 bases of the 5¢ end of the 16S rDNA gene.
The sequence was then aligned to a diverse array of known 16S rDNAs, which con®rmed that the bacterium was a close relative of intracellular bacteria in the genus Rickettsia. For phylogenetic comparison, sequences from 10 Rickettsia (including the male-killing Rickettsia previously identi®ed from ladybird beetles, Werren et al., 1994) , Ehrlichia equii and Anaplasma marginale were used. Ehrlichia and Anaplasma are sister genera of Rickettsia and served as outgroups for the comparison. The program PAUP PAUP (version 4.0b#a) was employed for the analysis. Sequences were evaluated using the neighbour-joining method of similarity data corrected by the Jukes±Cantor algorithm. A heuristic search was performed, and the observed tree was then evaluated by 100 bootstrap comparisons.
Association of Rickettsia with sex ratio distortion
Based on the identi®cation of a Rickettsia present in B. tessellatus, a second ®eld study was conducted to determine whether the bacterium was associated with distorted sex ratios in ®eld populations. We collected beetles from a site near the Clemson Sandhills Research and Education Center in Columbia, South Carolina in spring of 1998. Approximately 200 male±female pairings were performed and placed on Q. laevis trees at two locations: Sesquicentennial State Park in Columbia, South Carolina, and the Savannah River Site near Aiken, SC. Mated pairs were maintained in the ®eld as in expt. 2. Beetles were allowed to reproduce over the summer months, and ospring were collected in November of 1998. Ospring were maintained in the laboratory until they emerged as adults at which time they were sexed and preserved in 100% ethanol in Eppendorf tubes at )70°C for PCR analysis of bacterial presence in the dierent families.
Ospring were assayed for the Rickettsia using modi®cations of previously published methods (Werren et al., 1994 (Werren et al., , 1995b . One female ospring from each family was screened for the Rickettsia. Whole abdomens were dissected from preserved beetles and then rinsed in sterile water prior to extraction of DNA using the Chelex resin. Uninfected Nasonia wasps were also processed to serve as extraction controls. The DNA templates were screened using speci®c primers designed from the 16S rDNA sequence from the B. tessellatus Rickettsia (Ric F (5¢±3¢): CCC ATC AGT ACG GAA TAA CT, Rif R (5¢±3¢): GAA TTC CAT CAT CCC CTA CTA CAC). These amplify a fragment of 506 bp from the 5¢ prime portion of the 16S gene. A sample of 2 lL of Chelex template per 100 lL reaction was used with the following ampli®cation protocol (Predwell: 95°C for 2 min, 35 cycles at 95°C for 30 s, one cycle at 57°C for 1 min, one cycle at 72°C for 45 s, and Postdwell at 72°C for 5 min). A 1% agarose gel and ethidium bromide staining were used to detect PCR products following electrophoresis. Negative samples were checked with general eukaryotic rDNA primers to con®rm ampli®ability of the DNA extraction, as described in Werren et al. (1995b) . Any samples failing to amplify this product were excluded from the analysis.
Results
Sex ratios in ®eld populations
Field surveys revealed highly distorted sex ratios in some populations of B. tessellatus. Population sex ratios ranged from 1.3 to 6 females per male in the 18 study populations (Fig. 1) . Sex ratios for all populations were signi®cantly dierent from 1:1 (based on Chi-squared tests) and there was signi®cant variation among populations for sex ratio (G-test for independence, G 244, P 0.001). Population estimates were based upon reasonable sample sizes (between 26 and 2897 individuals; total 7093) and therefore estimates were not likely to be subject to large sampling errors. However, these highly skewed sex ratios could be due to primary sex ratio dierences, dierential embryonic mortality (e.g. due to a male-killing bacterium), or dierential survival to adulthood.
The sex ratio bias found in B. tessellatus populations did not occur in its congener B. ovatus. Field surveys of wild B. ovatus adults in 1996 found sex ratios of 56 females to 54 males, while adults emerging from experimental crosses in 1997 (i.e. pupation occurred in the laboratory) were found to be 173 females to 146 males, which was not signi®cantly dierent from a 1:1 expectation (1.18 females per male; Chi-squared 2.29, d.f. 1, P < 0.2).
Finally, preliminary data indicated that B. tessellatus has a much lower hatching rate of eggs than did its sister species, B. ovatus (1996 hatch rates for wildcaught B. ovatus were 58.8% (n 1077) and 31.6% for B. tessellatus (n 7879) (G-test of independence, G 1420, P < 0.001)). Taken together, the skewed adult sex ratios and the low hatching rates of B. tessellatus, suggested that a male-killing bacterium was possibly present at appreciable frequencies in this species. Therefore, attempts to demonstrate such a bacterium were initiated.
Tests for parthenogenesis
Parthenogenetic reproduction was found to occur at a low rate in B. tessellatus. Of the 713 unfertilized eggs produced by experimental females, 87 showed signs of early development, and 43 completed development to adulthood. This suggests that at the population level, as many as 12.2% of the eggs could be the result of parthenogenesis. The incidence of parthenogenesis varied greatly among females. Of the 119 females surveyed, 34 (29%) produced at least one viable egg. Although leaves were screened for the presence of wild eggs prior to their use in this experiment, it is nonetheless possible that a few were not detected and may have in¯ated our estimates of parthenogenesis. Control surveys indicated that error rates for wild egg detection were about 1% at this site and thus probably did not contribute signi®-cantly to our estimate of parthenogenesis.
Antibiotic treatment experiments
Results clearly indicate that a male-killing bacterium sensitive to tetracycline is responsible for the sex ratio distortion found in B. tessellatus. Analysis of ospring from the treatment vs. non-treatment groups showed about twice the hatch rate in treated samples (means 1 SE.; treated B. tessellatus 46.2 1.1% hatch rate, untreated B. tessellatus 24.6 0.9% hatch rate, untreated B. ovatus, 46.8 4.2% hatch rate; ANOVA ANOVA using angular transformation on initiation rates, F 10.1, d.f. 2,773, P < 0.0001). Following antibiotic treatment hatch rates in B. tessellatus increased to levels similar to those found in B. ovatus.
The sex ratio bias of treated B. tessellatus among ospring that survived to adulthood (i.e. secondary sex ratio of the samples) decreased signi®cantly in comparison to that found from untreated B. tessellatus. Tetracycline-treated females produced signi®cantly more male ospring on average than did untreated control females (a total of 103 males and 201 female ospring for the treated group vs. 31 males and 270 females for the untreated control group; G-test for homogeneity, G 52, d.f. 1, P < 0.0001). At the family level, for females producing more than four ospring surviving to adulthood, treated females produced signi®cantly more male ospring on average than did control females (untreated females, mean proportion female ospring using arcsin(sqrt) transformation on family means 0.97, 95% CI 0.93±0.99, N 31 families; treated females 0.74, 95% CI 0.62±0.85, N 34 families; ANOVA ANOVA, F 17.7, P < 0.0001, Wilcoxon 2-sample test, S 1300, Z 3.84, P < 0.0001), and there was a signi®cant negative correlation between egg hatch rate and family sex ratio distortion (i.e. families with high hatch rates had lower sex ratio distortion; r s 0.15, d.f. 176, P < 0.05). In addition, 67.7% of the untreated families produced broods consisting of all females (21/31), whereas only 26.5% of the treated families produced all-female broods (9/34; G-test for homogeneity, G 11.23, d.f. 1, P < 0.0001).
Therefore, it can be concluded that antibiotic treatment causes both an increase in the proportion of surviving males and an increase in the percentage of eggs hatching, consistent with the view that a male-killing microorganism that acts during embryonic development, is present in the population.
Molecular identi®cation of associated bacterium
Based upon alignment, the B. tessellatus (Btess) bacterium showed high sequence similarity to bacteria in the genus Rickettsia, an alpha proteobacterial group of intracellular parasitic bacteria. Many Rickettsia are disease-causing agents of mammals that are vectored by arthropods (e.g. Dumler, 1997; Myers & Sexton, 1994; Yunker, 1996) . Examples include Rickettsia prowazekii (causative agent of Brill±Zinsser disease; Turcinov et al., 2000) , R. tsutsugamushi (causative agent of scrub typhus) and Rickettsia rickettsii (causative agent of Rocky Mountain Spotted Fever). Other bacteria in the genus have unknown aetiology in their hosts, and one (the AB bacterium) is associated with malekilling in the ladybird beetle, Adalia bipunctata (Werren et al., 1994) .
The close phylogenetic relationship of the B. tessellatus bacterium to Rickettsia is shown in Fig. 2 . Approximately 735 bp of sequence were aligned to 12 bacterial sequences (10 Rickettsia, and two sister taxa, Ehrlichia equii and Anaplasma marginale) and evaluated by neighbour-joining using the Jukes±Cantor correction for multiple changes. The Btess bacterium is monophyletic with other Rickettsia, with 100 of 100 bootstrap replicates conforming relative to the two outgroups Ehrlichia equii and Anaplasma marginale. These two genera are currently the nearest known to the genus Rickettsia, based upon 16S rDNA sequences (Weisburg et al., 1989; Roux & Raoult, 1995) .
Within Rickettsia, the Btess bacterium shows greatest similarity to a clade containing the AB bacterium, pea-aphid bacterium and R. bellii (90/100 bootstrap comparisons conforming). The AB bacterium causes male-killing in the ladybird beetle, Adalia bipunctata (Werren et al., 1994) . A phenotype has not yet been ascribed to the Rickettsia found in the pea aphid (Chen et al., 1996) and R. bellii is a widespread Rickettsia found in ticks, but its phenotypic eects on ticks are not described (Philip et al., 1983) . The Btess Rickettsia is closely related to R. bellii (one dierence over 735 bases, 0.1% dierent) and the pea-aphid bacterium (3 base dierences over 735 bases, 0.4% dierent). However, it should be kept in mind that this level of dierence in the 16S rDNA could correspond to considerable evolutionary time. Estimates for 16S rDNA evolution range from around 1±2% per 50 million years (Ochman & Wilson, 1987; Moran et al., 1993; Ochman et al., 1999) , suggesting that these bacteria diverged 2.5±5 and 10±20 million years ago, respectively.
Association of Rickettsia with sex ratio distortion
Our results clearly establish the presence of a Rickettsia within some individuals of B. tessellatus, and antibiotic treatments indicate that a bacterium is responsible for male-killing in this species. Therefore, studies were undertaken to determine whether the Rickettsia we isolated is associated with male-killing in B. tessellatus.
Beetles were reared on trees in the ®eld in mesh bags to keep track of families. These were then scored for sex ratio and family size, and a sample of beetles were screened for the Btess Rickettsia using rickettsial-speci®c PCR primers. The analysis showed a strong correlation between the amount of female bias seen in families and the infection rate with the endosymbiont Rickettsia (Table 1) . Of 51 families that were tested, 90% of families containing no males were infected, followed by 58% of families containing 1±25% males, 19% of families containing 25±50% males, and 17% of families containing greater than 50% males were infected with the endosymbiont (G-test for homogeneity, G 19.1, d.f. 3, P < 0.001). However, the bacterium was not found in all families showing sex ratio distortion, and was also found in some families that produced males (i.e. male-killing was not 100%). Possible explanations are discussed below.
In the entire sample, 46.3% of families (N 51) were found to be infected with Btess Rickettsia. This is likely to represent an underestimate because (a) small families (less than four ospring) were excluded from the analysis and those containing the male-killing Rickettsia are more likely to have reduced family size and (b) the bacterium may not have 100% transmission to progeny. Nevertheless, this frequency represents among the highest found for a male-killing bacterium in natural populations and is consistent with the strongly skewed population sex ratios observed.
We also screened 3±5 females per family for four allfemale families and for four 50%-female families to get an estimate of transmission rate of the bacteria to females within these two classes. Although sample sizes are small, transmission was found to be signi®cantly higher in the 100% families than in the 50% male families; 19 of 20 females in the 100% female families were infected while only 6 of 14 females were infected in the 50% female (i.e. normal SR) families (Fisher exact test, P < 0.002). This result suggests that expression of male-killing and transmission may be correlated, perhaps due to dierences in bacterial density in reproductive tissues of females.
Discussion
The combination of comparative, experimental and corroborative data presented in this paper strongly support the hypothesis that the Btess Rickettsia bacterium is the causal agent responsible for the patterns of sex ratio distortion observed within and among populations of the turkey oak leaf-mining beetle, Brachys tessellatus, and that this bacterium causes SRD by selectively killing male embryos before they hatch. This support stems from the following observations. First, antibiotic treatment increases embryonic hatching rates closer to those expected if the Btess bacterium was selectively killing males (i.e. hatching rates are almost doubled, and are very similar to its sympatric congener that does not express SRD). Second, antibiotic treatment increases the proportion of males surviving to adulthood, leading to sex ratios closer to those expected in the absence of a male-killing bacterium. And third, there was a very strong relationship at the family level between infection and SRD (Table 1) . Although these data strongly support a bacterial source for male mortality, they do not rule out the possibility that other bacteria or tetracycline sensitive microorganisms are involved. It is possible, for example, that two dierent endosymbionts might be present and working synchronously to cause sex ratio distortion in this system. Tetracycline treatment would arguably reduce the infection rate of all sensitive microbes present in the organism. However, the screening process used to identify prokaryotes present in samples and the speci®c correlation of Btess Rickettsia to sex ratio distortion among full-sib families suggests that it alone is causing sex ratio distortion in B. tessellatus. Indeed, only the Btess Rickettsia bacterium was found in any detectable concentration in the samples showing SRD.
This bacterium occurs at among the highest frequency observed for any known male-killing endosymbionts. In most other systems male-killing is observed to occur at around 5±10% in host populations (Hurst & Jiggins, 2000) . Exceptions include the Acraea butter¯ies, where male-killing Wolbachia can generate very highly skewed population sex ratios (Hurst et al., 1999; Jiggins et al., 2000) , with many females going unmated as a consequence. In B. tessellatus, it is not known if infection results in lowered mating frequencies or female lifetime fecundity as a consequence of sperm limitation. However, the observed parthenogenesis in this system may re¯ect selection for female reproduction in the absence of males. This is only the second documented example of a male-killing Rickettsia bacterium; the other known species is the AB bacterium that causes SRD in the ladybird beetle (Werren et al., 1994) , and AB is a close relative of the Btess Rickettsia (Fig. 2) . At this time it is not known if the other closely related Rickettsia species that infect the pea aphid and the bruchid beetle, Kytorhinus sharpianus (Fukatsu & Shimada, 1999) (Fig. 2 ) also cause male-killing. Given their close evolutionary relationships a study of their eects would seem timely.
It appears that SRD in B. tessellatus has been maintained over relatively large geographical and temporal scales. A survey of museum collections of Brachys tessellatus at the Clemson University Arthropod collection indicated skewed sex ratios as far back as the 1930s. There is a possibility that competition for food in Brachys tessellatus could contribute to the transmission of Rickettsia horizontally, as well as vertically. In highdensity populations, more eggs are laid per leaf than can be maintained by that leaf after larvae hatch (Waddell & Mousseau, 1996) . We have noted that usually only one larva survives per leaf to adulthood and tends to consume any other embryos laid on the same leaf while developing through its larval instars (Waddell, 1996; Lawson, unpublished data) . In this way, the endosymbiont could be transferred horizontally between dierent families, thus propagating endosymbionts in that population.
The B. tessellatus system is unusual in the degree of variation in sex ratio distortion seen across populations (although see Zakharov et al., 1999 ; for a discussion of variation in Harmonia axyridis). Populations vary greatly with regards to the degree of SRD (Fig. 1) , suggesting either variation among populations in their response to bacterial infection, variation in transmission rates, or both. If cannibalism is the primary means for horizontal transfer one might expect a relationship between population density, the incidence of infection, the degree of male-killing, and the degree of SRD. Tests for such a relationship are presently underway.
One intriguing possible consequence of high frequencies of male-killing bacteria in B. tessellatus could be selection for parthenogenetic development. Twenty-nine percent of females collected from the ®eld produce a low level of ospring parthenogenetically. If males are suciently scarce such that females often go uninseminated, this could provide selection for parthenogenetic reproduction. Therefore, the B. tessellatus system could be a system where`genetic con¯ict' between cytoplasmic sex ratio distorters and nuclear genes leads to selection for changes in the sex determining system (Juchault et al., 1993; Werren & Beukeboom, 1998) .
Many of the populations of Brachys tessellatus included in the present study display extremely high population densities (mark±recapture assays indicate peak numbers of adults often exceed 1000 per tree; Lawson, unpublished data), which leads to food limitation and density-dependant survival. Given the likelihood that siblings are often in direct competition with each other under these high density conditions, malekilling may confer a ®tness advantage to infected sibling females (i.e. local resource competition). Such a system could in fact generate a positive feedback loop whereby the spread of the male-killer bacterium increases egg lethality, which selects for more laying of multiple eggs on leaves, which in turn increases the ®tness advantages of infection. However, the advantages of infection resulting from local resource competition cannot be sustained inde®nitely in an obligately sexual diploid organism. At some point a rarity of males must also confer a ®tness cost and would select for either alternative reproductive strategies (e.g. parthenogenesis, as appears to be evolving in this system), or the evolution of nuclear suppressors of infection as has been observed for Drosophila (Mercot et al., 1995) . The observed variation among populations and families in the Brachys tessellatus system presented here may provide exciting opportunities to further explore the evolutionary dynamics of genetic con¯ict over sex determination in a natural system.
